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Functional analysis of two promoters controlling early herpes simplex virus type 1 (HSV-1) transcripts encoding the UL37
and UL50 (dUTPase) proteins are described in this report. Transcripts expressed under the control of these promoters were
found to be expressed early regardless of the position of the transcription unit within the viral genome. Despite this, wt
dUTPase mRNA was 6–10 times more abundant than the UL37 transcript both in wt and recombinant viruses. This same
difference in transcript abundance was seen when a reporter gene (b-galactosidase) was controlled by the two promoters
in recombinant viruses in the heterologous glycoprotein C (gC) locus. Thus, both the kinetics and relative abundance of UL50
and UL37 transcripts are a direct function of their respective promoter regulatory elements. Characterization of mutated UL37
and UL50 promoters in recombinant viruses showed that the functional modules important for expression from these
promoters are concentrated upstream of the transcription start site; however the extent and composition of these modules
in terms of the cis-acting elements they contain was different for each. For the UL37 promoter, both a HiNF-P factor binding
site (253 to 258 bp) and the TATA homology (222 to 227) were required for any detectable expression, while an Sp1 binding
site at 2123 augmented this but was not absolutely required. In contrast, the only functional elements crucial for expression
from the UL50 promoter were the TATA box (225 to 231) and an Sp1 binding site at 2117 bp relative to the cap site. Despite
differences in detail, when the functional architecture of these two early promoters were compared to the extensively
characterized HSV-1 thymidine kinase (UL23) promoter, class-specific similarities are clearly apparent. © 1998 Academic Press
INTRODUCTION
Productive replication of HSV-1 in its natural host or in
cultured cells involves a complex interaction of a number
of cellular and virus-induced regulatory proteins directed
toward orchestrating the regulated cascade of expres-
sion of more than 100 individual transcripts. Each tran-
script is controlled by its own contiguous promoter
(Zhang and Wagner, 1987). A subset of viral genes im-
portant in priming the cell for viral genome replication as
well as accessory functions are expressed abundantly
prior to maximal levels of viral DNA synthesis. These
early genes are shut off at later times. Conversely, viral
genes involved in virion structure, assembly, and egress
are transcriptionally quiescent or silent prior to viral DNA
replication, but are transcribed at high rates following
this marker (Triezenberg et al., 1988; O’Hare and Hay-
ward, 1986; Gerster and Roeder, 1988; Faber and Wilcox,
1986; Su and Knipe, 1989; Paterson and Everett, 1988).
While different viral transcripts are subject to kinetic
control of expression through the action of their respec-
tive promoters, all the ones we have examined to date
are expressed efficiently in in vitro transcription systems
using uninfected cell extracts (Wagner et al., 1998, 1995).
This means that there is restriction of transcription op-
erating during productive infection by HSV-1.
The highly controlled HSV-1 genetic program provides
a defined model system for understanding the process of
eukaryotic transcription and its control at various levels.
Factors involved in the differential expression of viral
genes can operate at various levels within the infected
cell; the most general or global ones would involve
virus-mediated control of template availability as well as
access to specific subsets of the cellular transcription
machinery. The modulation of the amount of viral tran-
scription is dictated by the distinctive functional archi-
tecture of a given viral promoter. Intermediate between
these two extremes lie local environmental factors such
as the general density of transcription factors and spec-
ificity of the motifs present on the template itself, which
might have either specific or nonspecific effects upon the
ability of a given promoter to be expressed at a particular
time during replication.
The early HSV-1 thymidine kinase (tk) promoter has
provided a model for both cellular and viral promoters
since its detailed and elegant analysis carried out by
McKnight and co-workers well over a decade ago (Cor-
den et al., 1980; Bucher, 1990; McKnight et al., 1981;
McKnight and Kingsbury, 1982). More recently, the spe-
cific elements important for full expression of the pro-
moter in the context of the viral genome have been1 To whom correspondence should be addressed.
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investigated using mutational analysis (Cook et al.,
1995a,b; Imbalzano and DeLuca, 1992; Boni and Coen,
1989; Imbalzano et al., 1991; Coen et al., 1986). Like many
other promoters efficiently transcribed by eukaryotic
RNA polymerase II, the HSV-1 tk promoter contains a
number of clearly recognizable sequence motifs. In par-
ticular the tk promoter contains a ‘‘TATA-box’’ extending
from 216 to 232 bp relative to the cap site which me-
diates the assembly of the preinitiation transcription
complex. A second module located between 248 bp and
2105 bp relative to the start site is composed of two
distal elements which bind the Sp1 transcription factor.
The binding of the Sp1 transcription factor to these bind-
ing sites stabilizes the assembly transcription factors
assembling at the proximal module (Carcamo et al.,
1989; Mitchell and Tjian, 1989; Zawel and Reinberg, 1995;
Das et al., 1995; Smith et al., 1993; Smale and Baltimore,
1989; McKnight, 1982). In addition to these elements, a
CAT box homology is also important for full function
(Imbalzano et al., 1991; Coen et al., 1986).
While the tk promoter clearly represents an impor-
tant general architecture for eukaryotic promoters, it is
of importance to determine whether it is truly repre-
sentative of other early HSV-1 promoters and to estab-
lish parameters for variation of architecture within the
promoters of this kinetic class. This laboratory has
constructed and described a number of recombination
‘‘cassettes’’ designed to introduce viral promoters and
defined modifications thereof into the viral genome.
The site of insertion (within the gC locus at 0.63 mu in
the RL) was chosen to minimize the potential contribution of ‘‘cryp-
tic’’ transcription control elements. Recombinant viruses with appro-
priate mutations in model promoters controlling the expression of a
reporter gene (b-galactosidase) are being used to study the nature
of cis-acting factors involved in the differential transcription of the
viral genome during virus infection and to attempt to define kinetic
class-specific features of HSV promoter architecture (Singh and
Wagner, 1995; Guzowski et al., 1994). In the present report two
promoters, UL37 and UL50, controlling the expression of two early
mRNAs transcribed with similar kinetics, but in significantly different
amounts, were analyzed.
Extensive characterization of the UL37 and UL50 pro-
moters in recombinant viruses shows that the functional
modules important for expression from these promoters
are found within the TATA box and further upstream of
the transcription start site. This arrangement is similar to
that of the model tk promoter; however, the extent and
individual architectural composition of these modules
were different for each. For the UL37 promoter, a putative
HiNF-P factor binding site and the TATA homology con-
stituted absolutely required modules. In addition, an up-
stream Sp1 binding site was shown to have a role in full
expression but was clearly dispensable for measurable
promoter activity. In contrast, the only functional module
besides the TATA box crucial for expression from the
UL50 promoter was an upstream Sp1 binding site at
2117 bp relative to the cap site. Thus, there is significant
variation within individual promoters.
RESULTS
The ratio of activity and kinetics of expression of
mRNA controlled by the UL37 and UL50 promoters is
independent of their position in the UL
Earlier studies in this laboratory using in vivo [3H]uri-
dine-labeled mRNA hybridized to single-stranded DNA
probes showed that the transcription of both UL37 and
UL50 transcripts can be classified as an intermediate
early kinetic class since both demonstrate maximum
uridine incorporation 90 to 120 min after infection fol-
lowed by a decline at later times indicating marked
shutoff (Zhang and Wagner, 1987). Despite similar kinet-
ics of expression, the amount of label incorporated into
the UL37 transcript is five- to sixfold less than that incor-
porated into the UL50 mRNA, suggesting a significant
difference in the relative strength of the two promoters in
the context of the viral genome.
RNase protection was used to measure the levels of
UL37 and UL50 wt mRNA accumulation in cells following
infection with either wt or recombinant viruses. A time
course of mRNA (wt) accumulation at various time points
is shown in Fig. 1. As noted under Materials and Meth-
ods, total mRNA accumulating at a given time for UL37
and UL50 was quantified and normalized for the number
of 32P-uridylic acid residues incorporated for each signal
(13 for the former probe and 6 for the latter). The relative
strengths of both these transcripts as manifest in their
normalized ratios are shown in Table 1.
Both of the genes showed early shutoff coincident with
the approximate onset of maximal rates of viral DNA
replication, which occurs about 4 to 6 h postinfection in
rabbit skin cells infected under the conditions used. Over
the time points tested, the wt UL50 transcript averaged
about eight times greater abundance than the wt UL37
transcript. This average value corresponded well with
measurements of [3H]uridine incorporation.
As described in the following section, a number of
mutant viruses were generated in which either the UL37
or UL50 promoter controlling b-galactosidase mRNA was
inserted into the heterologous gC locus. The levels of
expression of wt UL37 and UL50 were measured in such
recombinant virus at 3 and 8 h following infection using
an RNase protection assay. Sample data are also shown
in Fig. 1 and summarized in Table 1. It is clear that the
relative levels of expression of the wt transcripts in
recombinant virus are the same as those measured in wt
virus.
Finally, we confirmed that the relative ratio of activity of
the UL37 and UL50 promoters is independent of their
position in UL. This was done by measuring the levels of
expression of b-galactosidase mRNA controlled by the
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unmodified early promoters when recombined into the
gC region of the viral genome; the full-length promoters
utilized are shown in Fig. 2. The normalized ratios at
early and late times during infection were obtained by
dividing the normalized UL50-driven b-galactosidase in-
tensity by that of normalized UL37-driven b-galactosi-
dase. The relative amounts of reporter mRNA controlled
by the two promoters is essentially the same as ob-
served with the wt transcript (Table 1).
Primer extension analysis was also used to assess the
abundance and kinetics of expression of the chimeric
transcript in the heterologous gC locus, and the results
of several experiments are also summarized in Table 1.
The late gD transcript was used as an internal control.
The recombinant reporter transcript was analyzed using
a b-galactosidase-specific primer. In agreement with the
measurements we obtained using RNase protection
analysis, primer extension analysis also demonstrated
that the ratio of reporter mRNA expression controlled by
UL37 and UL50 promoters was essentially equivalent to
that of the wt transcripts.
Critical elements within the UL37 and UL50 promoters
as determined by deletion analysis
Schematic representations of the deletion-modified
UL37 and UL50 promoters studied in this report are
shown in Fig. 2; also shown are levels of expression of
reporter mRNA expressed by the modified promoters
express in recombinant virus. In case of UL37 (Fig. 2A),
sequence analysis of the region reveals the presence of
a single Sp1 binding site at 2123 bp upstream of the
UL37 transcription start site. While this site is close to the
strict late UL38 mRNA transcription start site on the
opposite DNA strand, it does not mediate a significant
effect on kinetics or levels of expression of this late
transcript (Guzowski and Wagner, 1993; Flanagan et al.,
1991). The only other identifiable elements are a CAAT
box at 274 bp, a HiNF-P binding site homology at 250,
and the TATA box at 222 bp. A computer-assisted se-
quence analysis of the UL50 promoter region (Fig. 2B)
demonstrates two putative Sp1 binding sites, one down-
stream at 150 relative to the transcription start site and
the other upstream at 2117 bp, in addition to a CAAT box
at 2221 bp and a TATA box starting at 223 bp relative to
the cap site.
We used a number of methods briefly outlined in the
Materials and Methods and described in detail in Pande
(1997) to generate deletions and defined mutations of
regions throughout the two promoters. These modified
promoters were then inserted into the appropriate posi-
tion in the b-galactosidase/gC recombination cassette
and introduced into the viral genome for expression
analysis which was quantified, adjusted for recovery by
comparison with a wt transcript, and normalized as de-
scribed under Materials and Methods.
Extensive analysis of normalized expression of the
chimeric b-galactosidase expressed during infection
with recombinant viruses strongly suggested that there
are no specific cis-acting elements downstream of the
TATA box homology in either promoter which have a role
in levels or kinetics of expression. Examples of primer
extension analysis of reporter gene expression from var-
ious 39 end deletion mutant mRNA for UL37 and UL50
promoter constructs are shown in Figs. 3A and 3B, and
normalized values for numerous independent experi-
ments are tabulated in Fig. 2. Reporter gene expression
was essentially unaffected by deletions including the
cap site and sequences up to 217 bp in the UL37 pro-
moter (cf. expression from v37(DL)). In contrast, expres-
sion of chimeric mRNA was abrogated at both early and
late times when the TATA homology was deleted in the
virus (v37(DTATA)).
The effect of downstream elements on expression
from UL50 promoter was investigated in the same way. A
representative experiment is shown in Fig. 3B. The nor-
malized signal intensities from this and other experi-
ments indicate that the measured reporter mRNA ex-
FIG. 1. RNase protection analysis of wt UL37 and UL50 mRNA accu-
mulation following HSV infection. This experiment summarizes the
behavior of UL37 and UL50 wt transcripts in a steady state. Approxi-
mately 107 rabbit skin cells were infected with wt HSV-1 17 syn1 at a
multiplicity of infection (MOI) of 5 plaque-forming units (PFU) per cell.
The time postinfection was calculated after 30 min of virus adsorption
time. RNase protection analysis of total infected cell RNA was carried
out as described under Materials and Methods. The RNase-resistant
hybrids were fractionated on an 8% acrylamide native gel. The major
protected species for UL37 is 105 nucleotides and for UL50 the pro-
tected species is 93 bases. The gel was exposed to a phosphorimager
(Molecular Dynamics) screen and the resulting autoradiogram was
scanned using phosphorimager software (Molecular Dynamics). The
bands were quantified using a software IPLab Gel. The normalized
data from this experiment and others are summarized in Table 1.
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pression controlled by either the full-length v50(2243/
193) or various deletions up to 210 relative to the
transcription start site was essentially equivalent (com-
pare v50(2243/162), v50(2243/15), v50(2243/25), and
v50(2243/210). Further, the kinetics of expression for
the cap deletion mutants remain characteristically early.
The conclusion is that there are no transcription control
elements within this region of the UL50 promoter.
While deletion analysis demonstrated that functional
domains of both the UL37 and UL50 promoters do not
extend appreciably 39 of their TATA boxes, it also dem-
onstrated similarities in extent at their 59 ends. Quanti-
tative data is also summarized in Fig. 2, and represen-
tative experiments are shown in Figs. 4 and 5.
In the case of the UL37 promoter, mRNA accumulation
is reduced two- to threefold when the Sp1 binding site at
2123 is deleted. Further deletions up to 259 bp up-
stream of the cap site expressed essentially equivalent
levels. Figure 4A shows the effect of mutations up to 259
and 250 bp compared to the maximal length promoter.
Another construct v37(2105Sp1) is also shown where
the Sp1 binding site is introduced via a linker at 2105.
This construct demonstrates full activity. The role of the
Sp1 site is further examined in a later section. Experi-
ments shown in Fig. 4B clearly indicate that CAAT ho-
mology and any other elements within the region of 2105
to 259 are not critical for expression from this promoter.
Strikingly, a deletion of another 9 bp caused expression
of the chimeric mRNA to drop to undetectable levels, as
shown in Fig. 4A.
Deletion of sequences containing the Sp1 site at 2117
in the UL50 promoter also abrogated full promoter activity
(Fig. 5), but in distinct contrast to the situation with the
UL37 promoter, deletion of sequences upstream of 279
bp essentially eliminated mRNA expression as assayed
by primer extension. The absence of expression from the
promoter mutant in v50(279/1193) shows that the loss
of activity due to deletion of upstream sequences cannot
be compensated for by the entire wt leader (193 bp)
which contains the downstream Sp1 binding site.
Detailed analysis of functional modules of the UL37
promoter by substitution mutagenesis
While deletion analysis provides a means of determin-
ing the functional boundaries of the two early promoters
examined here, only substitution mutagenesis can pro-
vide the degree of resolution required to define individual
cis-acting elements within these boundaries. We con-
structed a number of defined mutations in order to more
fully characterize the critical region between 259 and
250 of the UL37 promoter. A database search revealed
that the sequence between 259 and 250 of the UL37
promoter. A database search revealed that the sequence
between 259 and 250 (‘‘GGGTCCGCC’’) has homology
to the binding site for a nuclear transcription factor,
TABLE 1
Normalized Ratios of mRNA Controlled by the HSV-1 UL37 and UL50 Promoters in wt and Recombinant Virus
Normalized wt RNA levels (h p.i.)
2 3 4 6 7 8 12
wt UL50 mRNA in wt locus
a 3400 2560 920 880 570
wt UL37 mRNA in wt locus
a 400 350 140 84 81
Normalized ratiob 8.5 7.3 6.6 10.4 7.0
wt UL50 mRNA in recombinant virus
a 134700 12850
wt UL37 mRNA in recombinant virus
a 15700 1370
Normalized ratiob 8.6 9.4
Relative level of reporter RNA in recombinant virus
UL50-reporter mRNA/VP16
c 37 0.3
UL37-reporter mRNA/VP16
c 3.5 0.03
Normalized ratiod 10.6 10
UL50-reporter mRNA/gD
c 1.2 0.28
UL37-reporter mRNA/gD
c 0.14 0.03
Normalized ratioe 8.6 9.3
a The signal intensity is expressed in arbitrary units and normalized for the incorporation of uridine residues in the probe; in case of UL50 it is 6
and in case of UL37 it is 13.
b This represents the ratio of the calculated normalized intensities for the wt transcripts in wt (HSV-1, 17 syn1) and in the recombinant viruses
(v37(Max), v50(2243/193)).
c The values represented here are relative levels of reporter mRNA as calculated by dividing the intensity of the respective promoter-b-
galactosidase chimeric signal by the intensity of internal control signal at that time point.
d These values represent the normalized ratio of relative levels of the reporter mRNA in RNase protection experiments.
e These values represent the normalized ratio of relative levels of the reporter mRNA in primer extension experiments.
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HiNF-P (‘‘GGTCCG’’), which has been shown to be a
critical cell cycle-regulated transcription factor in the
histone H-4 promoter (van den Ent et al., 1993; van
Wijnen et al., 1991, 1993; Stein et al., 1994; Ramsey-Ewing
et al., 1994).
In order to ensure that the sequence of the region is
critical in the function of the HSV-1 UL37 promoter, it was
extensively mutated and studied in recombinant viruses.
The mutations introduced and the average values for the
expression of reporter b-galactosidase mRNA controlled
by the mutated promoters are shown in Fig. 6. Repre-
sentative experiments are shown in Fig. 7. A promoter
construct carrying wt sequences up to 267 relative to
the cap site (v37(267)) expressed mRNA levels equiva-
FIG. 2. Schematic representation of UL37 and UL50 promoters. (A). This figure shows various cis-acting elements detected as determined by
sequence analyses. The 59 and the 39 ends are indicated by each construct. Important restriction enzyme sites are also listed. The UL37 cap site is
shown as a rightward arrow, the TATA box is shown as a heavy lined box located between 222 and 228 bp, the putative HiNF-P binding site located
between 253 and 258 bp is shown as a shadowed box, the UL37 CAAT box located at 274 bp is shown as a heavy lined diamond, and the single
Sp1 binding site at 2123 is shown as a star. Also shown in this illustration are the UL38 CAAT box, TATA box and the UL38 transcription start site.
These motifs are represented by the same shapes but are shaded differently. (B). This is a schematic representation of UL50 promoter. The topmost
representation defines the limits of the parental construct from which the subsequent constructs were subcloned (see Materials and Methods). The
identified cis-acting elements are indicated with the same symbols as shown in (A). Quantified data for each of these viruses from several steady-state
expression experiments are shown as percentages of the maximal constructs in both A and B.
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lent to that of the v37(259) promoter, but the introduction
of mutations within the region of 259 to 254 bp causes
significant loss of expression of chimeric b-galactosi-
dase mRNA (v37(M1), v37(M2), or v37(M3)). This effect
was seen both at early and at late time points.
Although this putative HiNF-P site within the critical
259/250 region of the UL37 promoter is required for
expression, deletion analysis suggested that only pro-
moters which contain this region (259 to 250) and the
upstream Sp1 binding site at (2123 bp) demonstrate full
expression (Figs. 2A and 3A). It was of interest to deter-
mine the contribution of the two sites toward expression
from this promoter. The specific promoter modifications
analyzed in these experiments are shown schematically
in Fig. 6, and representative assays shown in Fig. 7. As
noted above, promoter elements extending to 267 bp
upstream of the cap site (v37(67)) were essentially equiv-
alent in controlling expression to that of v37(259). When
an Sp1 binding site was introduced immediately 59 of the
wt promoter truncated at 267 bp, v37(67Sp1), a signifi-
cant increase in transcription was observed. However,
this stimulation was not seen when the Sp1 binding
site is introduced at the same site in promoters with
mutations within the putative HiNF-P binding region
(v37(M1Sp1), v37(M2Sp1)). These results indicate that
the upstream Sp1 binding site is not in itself sufficient to
allow full promoter activity.
We performed electrophoretic mobility shift assays to
investigate the specific protein–DNA interactions with
the critical 259/250 region of the UL37 promoter. It was
found that a 32P-labeled dsDNA probe bearing the wt
HinF-P sequence (‘‘AGCTTGGCCTGGGTCCGCGAACG-
GGA’’) complexed with uninfected HeLa cell nuclear ex-
FIG. 4. Primer extension analysis of 59 end deletion mutants of UL37
promoter. (A) A representative primer extension experiment using 10
mg total RNA isolated at the time points indicated. Infections were with
recombinant viruses: v37(Max), v37(2105Sp1), v37(259), and v37(250).
The top panel shows the b-galactosidase reporter mRNA; it can be
seen that the v37(Max) recombinant virus expresses more mRNA than
does the recombinant v37(259). The transcription is undetectable in
infections with recombinant v37(250). The bottom panel shows the
internal control gD obtained with a primer for wt gD transcript. Quan-
tified data from this and several other experiments are shown in Fig. 2.
The size of the v37(Max) primer extension product is larger by 14 bp
than that of the v37105Sp1, v37(259), or v37(250), because of the
presence of a 14-bp larger polylinker between the 39 end of the UL37
leader and the 59 end of the bacterial b-galactosidase leader se-
quences. (B) Primer extension with recombinant v37(2105) and
v37(259) is shown. The levels of expression following infection with
v37(2105) and v37(259) are equivalent. Therefore, the CAAT homology
is not an essential element for expression from the UL37 promoter
which is located at 274 bp upstream of the transcription start site.
FIG. 3. Primer extension analysis of 39 end deletion mutant viruses
performed with 10 mg of total RNA isolated at 3 and 8 h postinfection.
(A) The top panel shows UL37 reporter products obtained with a primer
binding within the b-galactosidase gene. The bottom panel shows
products obtained with primer for the wt gD transcript. (B). This shows
representative 39 end deletion mutants for the UL50 promoter. Again,
the top panel is the UL50 reporter product and the bottom panel shows
the internal control gD obtained with a primer for wt gD transcript.
Quantified data from this and several other experiments are shown in
Fig. 2.
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tract. The specificity of the UL37 promoter region in
question to interact with one or more of these complexes
was tested by competition assays with unlabeled se-
quences representing the region between 259 and 250
in wt and mutant UL37 promoters. Competition was pro-
nounced with wt UL37 (259 to 250) sequences (‘‘AG-
CTTGGCCTGGGTCCGCGAACGGGA’’); in contrast, it was
significantly diminished when competing DNA with un-
related sequences in the 259 to 250 region was used
(‘‘AGCTTGGCCTcatcttagtcACGGGA’’) (Fig. 8).
The upstream Sp1 constitutes the functional element
that is critical for expression from the UL50 promoter
The role of the upstream Sp1 binding site in the UL50
promoter was investigated using the specific mutations
shown in Fig. 9. Data are summarized in Fig. 9A and some
representative experiments shown in Fig. 9B. Expression
from a construct containing a functional Sp1 element at
2117 and TATA homology, v50(BX1), was equivalent to that
of the full-length v50(2243/193) virus; this demonstrates
that the sequences upstream of 2123 bp are dispensable
in the UL50 promoter. The randomization of sequences
between the Sp1 binding site and the BglII site at 279 did
not have any significant effect on levels or kinetics of ex-
pression v50(BX2). This is indicative that these sequences
do not contain any element that has a sequence-specific
role in expression from this promoter. When the upstream
Sp1 was mutated (v50(BX3)), expression was completely
abrogated. Therefore, the TATA element could not direct
transcription to detectable levels in the context of a mutant
Sp1 binding site.
DISCUSSION
The expression of tk mRNA in a Xenopus oocyte de-
pends on at least two upstream regions. The module
containing the TATA homology is critical to accurate
initiation of the tk transcript and extends from 232 to
216 bp upstream of the transcription start site. The
second module is located between 2110 and 252 bp
upstream of the transcription start site and is composed
of two Sp1 binding sites (McKnight, 1982; McKnight et al.,
1981; McKnight and Kingsbury, 1982).
FIG. 5. A representative primer extension analysis of the 59 end
deletion mutants of the UL50 promoter in recombinant viruses. The top
panel shows the reporter extension products obtained by a b-galacto-
sidase primer and the bottom panel shows the internal control gD
obtained with a primer for wt gD transcript. It can be clearly seen that
the deletion of the upstream Sp1 binding site has a large effect on
expression from UL50 promoter. Quantified data from this and other
experiments are summarized in Fig. 2.
FIG. 6. This figure shows the mutations generated in the putative HiNF-P region located between 259 and 250 bp relative to the transcription start
site. The top panel shows the maximal construct. Exact sequences of the oligonucleotides used to introduce mutations are shown. Underlined
sequences represent block mutations. The stars represent the upstream Sp1 binding site which has been engineered at 267 bp upstream of the
transcription start site in these promoter constructs via a linker. Quantified data from several replicate primer extension experiments relative to the
v37(Max) are shown.
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The UL37 and UL50 promoters are similar to the tk
promoter in organization
Analysis of the UL37 promoter demonstrated clearly
that the elements necessary for expression are also
located upstream of TATA homology. These elements are
further organized into two upstream functional modules.
The distal one consists of a single Sp1 binding site. The
proximal is a region containing a HiNF-P binding site
homology and the TATA box. While analysis of the tk
promoter in the context of the viral genome indicates that
the CAAT homology has a limited effect upon expression
(Imbalzano et al., 1991; Coen et al., 1986), it does not
seem to have a significant influence on transcription
from the UL37 promoter.
Analysis of the dUTPase (UL50) promoter in recombi-
nant virus by deletion analysis suggests a distinct archi-
tecture. There are no functional transcription modules in
the leader sequences, including the transcription start
site, as is similar to the tk model. However, the upstream
Sp1 binding site was critical for expression from this
promoter.
The functional relation between the TATA box and the
upstream module is different from that seen in the tk
promoter
The UL37 promoter has a putative HiNF-P binding site
that is critical for expression. This transcription factor
binding site has not been reported previously to occur in
HSV-1 promoters. Both the TATA box and the HiNF-P
binding site appear to be essential for detectable expres-
sion since the alteration or deletion of either resulted in
complete abrogation of chimeric reporter transcription in
the case of the UL37 promoter.
The codependent interaction between UL37 HiNF-P
and the TATA element is different in detail from that
between the TATA box and the upstream Sp1 binding
sites in the tk promoter. In the tk promoter, TATA homol-
ogy acts independently of the upstream elements and
can support detectable levels of accurately initiated tran-
scription in their absence (Coen et al., 1986; Cook et al.,
1995a). Expression from the tk promoter lacking some or
all upstream elements is weak in an uninfected cell but
significantly stronger in the presence of the transcrip-
tionally activated environment mediated by ICP4 expres-
sion during productive infection (Imbalzano and DeLuca,
1992; Imbalzano et al., 1991; Boni and Coen, 1989). In
contrast, this activation is not adequate for measurable
expression of either the UL37 or UL50 promoter TATA box
in the absence of the upstream sites. We are currently
FIG. 8. Electrophoretic mobility shift assay. This figure depicts a
competition experiment carried out with wt and mutant oligonucleotide
probes and uninfected HeLa cell nuclear extracts. These probes are
described in the relevant section in the text. It can be seen clearly that
the mutant probe does not compete well in contrast to the wt probe.
FIG. 7. Primer extension analysis of substitution mutant constructs in
the putative HiNF-P site located between 259 and 250 bp upstream of
the cap site of the UL37 promoter in recombinant virus. The top panel
shows the reporter extension products obtained by a b-galactosidase
primer and the bottom panel shows the internal control gD obtained
with a primer for wt gD transcript. It can be clearly seen that chimeric
mRNA could not be detected when this site is mutated (compare
v37(267) and v37(M1), v37(M2)). The presence of the upstream Sp1
binding site also could not rescue expression from HiNF-P mutants
(compare v37(267Sp1), v37(M1Sp1), and v37(M2Sp1)). The quantified
data from these experiments are shown in Fig. 6. The primer extension
product from RNA expressed during infection by recombinant v37(259)
is smaller than that expressed by v37(Max) or v37(267) because of a
14-bp shorter polylinker at the junction of the UL37 HSV-1 sequences
and the bacterial b-galactosidase leader sequences.
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investigating whether features of the TATA box homolo-
gies in the two promoters which may have a role in this
difference.
The unique upstream Sp1 binding site at 2130 bp
upstream of the UL37 cap site constitutes the distal
module and has a role in full expression, but it is not
absolutely required for expression from the UL37 pro-
moter. Further, its spacing vis-a-vis the cap seems to be
flexible. Thus, when this Sp1 binding site is placed at
267 bp upstream of the cap site, in a construct that
contains both TATA homology and the HiNF-P element,
expression is similar to that of full-length promoter-driven
expression. These results also allow the conclusion that
sequences between the Sp1 binding site and the proxi-
mal module do not contain any element that has any
significant effect on expression.
Despite its role in full expression of the UL37 promoter,
the Sp1 element was not able to rescue expression from
HiNF-P site mutants. This behavior is again a deviation
from the tk model, where the two upstream Sp1 binding
sites together constitute a distal element and interact
with the TBP and associated proteins in the TFIID com-
plex, under normal conditions of infection, to confer full
activity to the tk promoter (Papavassiliou and Silverstein,
1990).
The Sp1 binding site located at 2117 seems to be
absolutely required for expression from the UL50 pro-
moter. The sequences upstream of this putative Sp1
binding site do not contain any element that has a role in
expression, as demonstrated by ‘‘build back’’ constructs.
When this Sp1 binding site was mutated, expression
could not be rescued in the presence of functional TATA
homology. This was surprising because the UL50 pro-
moter is a strong promoter. The sequences separating
the SP1 binding site at 2117 and the BglII site at 279 do
not contain any element important for expression, as was
demonstrated by mutagenesis of this region (Fig. 9B).
These features are distinct from the functional organi-
zation of both the UL37 and the tk promoters. In contrast
to the UL37 promoter, where the Sp1 binding site has a
FIG. 9. The mutations in the upstream region of the UL50 promoter. (A) The upstream Sp1 binding site was restored by means insertion of defined
oligonucleotides. The sequence of each oligonucleotide used for the generation of mutations in this region is shown along with features that are
introduced due to these modifications. The wt Sp1 binding site is restored in v50(BX1); this construct does not contain the upstream CAAT homology
located at 2239 relative to the cap site. The sequences between the Sp1 binding site and the BglII site at 279 were randomized in v50(BX2). In
v50(BX3), the Sp1 binding site itself was mutated. Quantified data for the expression from these modifications in recombinant viruses are shown. (B)
Primer extension analysis of the constructs described above. The top panel shows the reporter mRNA signal obtained from a b-galactosidase-specific
primer and the bottom panel shows the internal control gD obtained with a primer for wt gD transcript.
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role in full expression but is not required for expression,
and the tk promoter, where the TATA box alone can
support detectable levels of transcription in the absence
of upstream Sp1 binding sites, there is a single func-
tional upstream module responsible for full expression
from the UL50 promoter. This Sp1 binding element was
confirmed as the only upstream element by ‘‘build back’’
mutations. It was found that randomization of the se-
quences between the Sp1 binding site and the BglII site
at 279 had no effect on UL50 promoter strength, and
sequences upstream of the Sp1 binding site do not
have a significant role in expression from this promoter.
This suggests that activated transcription as seen in the
context of the viral genome during productive infection is
a result the contribution of only these two identified
elements.
None of the modules so far identified has a direct
influence on the kinetics of expression from either pro-
moters. This suggests that expression early during infec-
tion is an inherent property of the respective promoters.
While the kinetics of expression might be mediated
through the TATA box alone, it is not at all clear what
features of the TATA box would function in such a ca-
pacity since several studies have failed to show any role
in TATA box sequence in the kinetics of expression of
early promoters (Imbalzano and DeLuca, 1992; Imbal-
zano et al., 1991; Cook et al., 1995a,b). We currently favor
a model which involves the requirement for further sta-
bilization of preinitiation transcription complex formation
via proteins binding at and downstream of the transcrip-
tion start site as being critical in allowing transcription to
be maintained from late promoters (Wagner et al., 1998).
This model also posits that the upstream sites seen with
early promoters mediate a slightly different association
between the promoter and the preinitiation complex at
early times. This and other models are subject to exper-
imental test, and this is a task currently being pursued in
this and many other laboratories.
MATERIALS AND METHODS
Cells and viruses
Rabbit skin cell fibroblasts and Vero cells were main-
tained at 37°C under 5% CO2 in Eagle’s minimum essen-
tial medium containing either 5% fetal calf or bovine
serum. The medium contained 100 U of penicillin and 100
mg of streptomycin per milliliter. Vero cells were used for
plaque assay and both cell types were utilized during
recombinant virus screening and isolation.
All the viruses were grown on rabbit skin cell fibro-
blasts and the titer of the virus stock was determined
using Vero cells for plaque assay. The integrity of all
recombinant viruses with modified promoters was con-
firmed by Southern blot hybridization, PCR analyses,
and by sequencing the amplified recombinant region
using a Sequenase sequencing kit (United States Bio-
logicals) according to the manufacturer’s directions.
These methods have been extensively detailed else-
where (Guzowski and Wagner, 1993; Pande, 1997).
RNA isolation
Rabbit skin cell fibroblasts were infected with the
recombinant viruses at a multiplicity of infection (MOI) of
5 plaque-forming units (PFU) per cell. Total infected-cell
RNA was isolated by the guanidinium isothiocyanate–
cesium chloride method adapted from Gilman (1989) at
appropriate times postinfection.
Recombinant viruses
The strategy of recombinant virus construction exploit-
ing the nonessential nature of the glycoprotein C (gC)
gene and the bacterial reporter gene b-galactosidase
has been extensively discussed (Singh and Wagner,
1995; Wagner et al., 1995; Goodart et al., 1992; Bludau
and Freese, 1991). Briefly, the modified UL37 promoter
region or the modified UL50 promoter was subcloned as
an XbaI and Asp718 cassette upstream of the 3.9-kbp
bacterial b-galactosidase gene, engineered in the gC
locus in opposite orientation to the direction of transcrip-
tion of the viral gene. The 39 terminal of the reporter
marker is delimited by a bidirectional SV40 polyadenyl-
ation signal. Recombinant virus were generated as fol-
lows: The gC recombination vector with the desired mod-
ification of UL37 promoter or the UL50 promoter modifi-
cation was digested with SalI (Boehringer Manneheim)
in order to release the promoter–reporter construct with
flanking HSV-1 gC sequences. This DNA purified by
phenol extraction was cotransfected with infectious wt
virus (17 syn1) DNA into a monolayer of rabbit skin cell
fibroblast by the CaPO4 precipitation method (Goodart et
al., 1992).
Virus plaques isolated by limiting dilution were
screened in 96-well dishes by hybridization with a 32P-
labeled b-galactosidase-specific probe. Recombinant vi-
ruses in the positive wells were then further purified as
follows: Individual plaques were isolated from agar over-
lays of Vero cells infected with limiting dilutions of the
recombinant virus. Virus from such plaques was used to
infect rabbit skin cell fibroblasts in 96-well dishes. These
were screened again by hybridization with the b-galac-
tosidase probe. The above-mentioned procedure was
repeated at least three times and at least one more time
after all random isolates showed positive hybridization.
The identity of the resulting virus isolates was con-
firmed by Southern blot hybridization and PCR analysis.
The integrity of these viruses was fully verified by se-
quencing with use of a commercial Sequenase sequenc-
ing kit (Stratagene). Individual isolates from two separate
transfections were purified and analyzed for promoter-
directed reporter gene expression as a safeguard
against second site mutations.
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Construction of mutant promoter constructs
All promoter mutants investigated in this report are
shown as figures reported and under Results. The
full-length UL37 promoter was cloned, as part of the
UL38-UL37 region corresponding to HSV-1 bases 84117
to 84490 of the 17 syn1 strain into a pBluscript vec-
tor (Stratagene). This DNA segment was derived from
a previous clone, pCAL4div, described previously
(Flanagan et al., 1991). An XbaI site was introduced at
base 84490 via a linker, marking the 59 end of the
construct, and the AccI site corresponding to bases
84117 was converted to a HindIII site (Flanagan et al.,
1991). The inclusion of this region ensured that all
potential upstream elements were incorporated into
this construct. It extends from 2268 to 1105 bp rela-
tive to the UL37 cap site and also contains the UL38
cap and 105 bp of the UL38 leader in the opposite
strand.
The UL50 promoter was subcloned into a pUC18 vec-
tor (New England Biolabs) from a 2772-bp KpnI fragment
U of HSV-1 strain 17 syn1 corresponding to bases
104,533 to 107,305 (Schaffer et al., 1987). After enzymatic
manipulations, the final construct contained 193 bp of the
leader sequences and 243 bp upstream of the cap site.
A number of strategies were employed for the deletion
of 39 and 59 end sequences of the UL37 and UL50 pro-
moters, including controlled digestion with exonuclease
Bal31 (Promega), following a modified protocol sug-
gested by the manufacturer and described elsewhere
(Poncz et al., 1982; Hashimoto-Gotoh, 1995) and by re-
striction digestion with suitably located restriction sites.
These have been describe in detail (Pande, 1997).
In order to introduce site-directed substitution muta-
tions in the 250 to 259 region in the UL37 promoter or in
the 2123 to 279 region in the UL50 promoter, a PCR-
directed mutagenesis scheme, a commercially available
Altered Site Mutagenesis kit (Promega), or direct ligation
of oligonucleotides containing specific mutations utiliz-
ing suitably located restriction enzyme sites was em-
ployed (Pande, 1997).
RNA analysis
RNase protection assay was performed using protocol
modified from the Ambion commercial kit and a previ-
ously published report (Goodart et al., 1992). Briefly, 10
mg of total infected cell RNA was hybridized with 1.5 to
4 3 105 cpm of 32P-labeled UL37, UL50, VP16, or b-ga-
lactosidase probe at 60°C for 8 to 12 h. Probes were
synthesized in vitro by incorporation of [a-32P]UTP. Fol-
lowing hybridization, the resulting duplexes were sub-
jected to digestion with RNase TI (Ambion) to digest the
single-stranded component. This mixture then was incu-
bated with Proteinase K (Boehringer Manneheim). Each
reaction was carefully extracted with buffered phenol
and chloroform, ensuring uniformity in recovery of the
aqueous phase. The reaction was precipitated and prod-
ucts were fractionated on 8% denaturing urea–polyacryl-
amide gels.
Primer extension analysis was carried out in most
experiments using a commercial primer extension kit
(Promega). Reactions were performed with equivalent
10-mg aliquots of total infected cell RNA with either the
b-galactosidase primer or the primer for wt gD tran-
script. In all assays, 50 fmol of 32P-labeled primer was
used with 10 mg of RNA. Control experiments were
initially performed in which the input labeled primer
was varied from 5 to 200 fmol/10 mg of input RNA. This
was done to confirm background and linearity of sig-
nal strength with respect to the ratios of input RNA and
primer in the range used. These experiments also
were performed using mock-infected cell total RNA,
and thus the conditions for optimal linear range of
signals were determined.
The expected sizes of primer extension products with
b-galactosidase primer and infected cell RNA were as
predicted by virus sequences. Thus, v37(Max) produced
167 nt, v50(2243/193) generated 150 nt as expected,
and gD primer an 82- to 85-nt doublet. This heterogeneity
is due to gD mRNA initiation at two sites three bases
apart.
Oligonucleotides
Various nucleotides were used for the analysis of
mutants by primer extension in this study. The b-galac-
tosidase-specific b-gal primer has the sequence: 59-
GTGTTCGAGGGGAAAATAGGTTGCGCGAG-39. It is anti-
sense to the bacterial reporter gene and its 59 end is
located 48 bp 39 of the junction of the HSV-1 sequence.
A second primer specific to the b-galactosidase reporter
gene was used to detect primer extension products of
short leader constructs. It has the sequence: 59-GCAA-
CATGTCCCAGGTGACGATGTA-39. It is anti-sense to the
reporter gene sequence and its 59 end is located 120 bp
39 of the junction of HSV-1 sequence with the b-galacto-
sidase leader. In order to detect wt gD transcript, a
primer complementary to wt gD mRNA was used with
the sequence: 59-CCCCATACCGGAACGCACCACACAA-
39 and yields a 82- to 85-bp product because wt gD
initiates at two sites within 3 bases of each other (Kibler
et al., 1991). Oligonucleotides specific for EMSA studies
and for generating specific mutations are discussed un-
der Results in appropriate figures.
Labeling of primer extension probes
Both the gD and b-Gal primers were labeled according
to the instructions of the commercial Promega primer
extension kit protocol. Briefly, 100 pmol of primer was
end-labeled using T4 polynucleotide kinase and 1 ml of
[g-32P]ATP (10 mCi/ml). A 50-fmol portion of the labeled
primer was used with 10 mg of total RNA.
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RNA quantification
The mRNA hybrid signals were visualized either by
scanning a phosphorimager screen (Molecular Dynam-
ics) using Molecular Dynamics phosphorimager soft-
ware or by scanning an appropriately exposed autora-
diogram utilizing a Deskscan II scanner (Hewlett–Pack-
ard). The signals were quantified by densitometry of the
phosphorimager signals or of the scanned autoradio-
gram signals using IP Lab Gel software (Signal Analysis
Corp.) according to operational instructions. Briefly, the
signal to be quantitated was selected by creating an
overlay mask with the software’s segment tool. The den-
sity (D) and position statistics of the selected segment
were calculated using the formula: D 5 ¥(Ixy) 2 N z B,
where N 5 the number of pixels in the segment, Ixy 5
pixel values within the region, and B 5 the background
pixel density value used from the segment boundary.
Normalization of the quantified signal
In case of the RNase protection assay, the intensity of
recombinant b-galactosidase signals of UL37 (v37(Max)),
UL50 (v50(2243/193)), or v37(2105) viruses were nor-
malized by determining the ratio of experimental signal
intensity to that of wt VP16, in each sample. The expres-
sion of wt UL37 and UL50 was also measured where
dUTPase and UL37 could be used as an internal control
for each other, as both these probes can be hybridized in
the same RNA sample. The UL37 and UL50 signals were
normalized to the number of UTP residues incorporated
in the respective probes (13 in the UL37 probe and 6 in
the UL50 probe). The relative b-galactosidase numbers
for primer extension analysis were normalized to the gD
internal control signal of the sample in question.
Electrophoretic mobility shift assays (EMSA)
The binding reaction for EMSA was performed at room
temperature in binding buffer: 20 mM Tris–HCl (pH 7.4), 2
mM MgCl2, 50 mM NaCl, 1 mM EDTA, 10% glycerol, 1%
NP-40, 1 mM DTT, and 50 mg/ml BSA. Uninfected HeLa
cell nuclear extract was added to binding buffer contain-
ing 1 mg calf thymus DNA. This mixture was incubated
for 5 min on ice, and then labeled oligonucleotides (0.1
ng) and various amounts of unlabeled competitor were
added to the tube and incubated at RT for 20 min prior to
electrophoresis. The reaction mixture was fractionated
on a 1.5-mm-thick 4% native polyacrylamide gel in 0.53
TBE for 2 h at 4°C at 10 V/cm.
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